Introduction
In the years since the connectome of the Caenorhabditis elegans hermaphrodite [1] [2] [3] [4] was published, considerable progress has been made in the identification of the neurotransmitters and receptors associated with the 302 neurons that make up the nervous system [5, 6] . Currently, most of the known neurotransmitters have been associated with specific cell types [7] [8] [9] [10] . Many putative synaptic receptors have been identified in the genome and some of these have been localized to specific neuron classes [5] . Functional insights into parts of the neural circuitry are being obtained by means of genetic perturbations in the expression of neurotransmitters or synaptic receptors, e.g. [11, 12] . In addition, the techniques of optogenetics are being applied to enable the activation or inhibition of neurons under experimental control [13] . Together, these techniques are beginning to yield an understanding of some aspects of behaviour, such as locomotion towards or away from odours [14] . In this paper, I discuss neural circuitry that is likely to mediate the exploratory movements that are to be seen in the tip of the head (snout) when animals are moving forward or making the short browsing movements associated with feeding. The likely function of these movements is to locate and identify particles as potential food and also to navigate through three-dimensional tracts.
Most behavioural studies of C. elegans have been made on uniform agar substrates. This environment is likely to be very different from a three-dimensional matrix of soil particles, the natural habitat for this species of nematode. Nevertheless, striking progress has been made in understanding the neural basis of behaviours from studies on planar surfaces, such as characterizing evoked responses to localized mechanical stimuli, or locomotion towards or away from gradients of diffusible substances [14 -17] . The choreography exhibited by worms as they seek and locate food has been termed foraging. This term has been used to encompass all such movements including those of the head. However, to avoid confusion, I will not use this term to describe the movements at the tip of the head, which instead, I refer to as exploratory head movements (EHMs).
In laboratory conditions, EHMs are most apparent when worms are at low density on agar plates that are freshly seeded with bacterial food. Worms will locate lawns of bacteria and make small body excursions forward and back while the pharynx is pumping in food to the gut. The tip of the head is continually moving at these times mainly by dorso/ventral excursions [18] . More rarely, lateral excursions are seen where the worm lifts its head off the substrate. Worms are held to the substrate by surface tension, so it is likely that lateral excursions require the worm to generate more force to lift its head than is required for dorso/ventral movements. If worms are provoked to move backwards by a touch stimulus to the anterior body, they will back up for a time and, while doing so, will suppress EHMs, a strategy that helps animals avoid predation by predacious fungi [19, 20] . Healthy worms that are in regions where there is no food exhibit a foraging search mode that consists of forward runs interspersed with omega turns [15] . EHMs occur during episodes of normal forward locomotion during foraging. When worms become starved through lack of food on the plate, they will burrow into the agar substrate. Recent studies have started to reveal burrowing behaviour in bulk agar [21] .
C. elegans lies on its side on flat surfaces, with no obvious preference for which side is adjacent to the surface. The dorsal and ventral sides of the cuticle display circumferential annuli that may allow waves of compression and relaxation to be accommodated in the course of locomotion. The annuli are discontinuous at the lateral lines where the underlying seam cells are located. It is likely that the lateral cuticle is less flexible than that on the dorsal or ventral sides as it lacks annuli and also has prominent longitudinal structures that are laid down by the seam cells at the L1, dauer and adult stages-the alae. The lateral seam cells, including any associated alae, terminate before the tip of the head is reached allowing this region to have continuous circumferential annuli (figure 1). This probably allows the tip of the head to be equally flexible to all orientations of displacement. A ring of six labia is arranged around the mouth with a four-plus-two symmetry. The two lateral labia include the external outlets to the amphid chemoreceptors. All six labia contain a collection of sensory receptors [3, 4, 23] . The four groups of receptors associated with the two dorsal and two ventral labia have similar connectivities [1] , but these have some differences from those associated with the lateral labia.
Waves of contraction that traverse down the body during locomotion are limited to the dorso/ventral plane mainly because all the dorsal body muscles at any point along the length of the body have a common innervation from motor neurons in the dorsal cord, and, likewise, all ventral muscles at any point along the body length receive a common innervation from motor neurons in the ventral cord [1] . This, however, is not the case for the muscles in the tip of the head, which receive their innervation from motor neurons in the nerve ring. Body muscle in C. elegans is arranged as eight strips of obliquely striated muscle that run longitudinally along the body. Strips are paired together as quadrants that run in between longitudinal ridges of hypodermis [1] . Starting from the tip of the snout, the first two muscles in each strip are innervated solely by neurons in the nerve ring, the next two are dually innervated by ring and ventral/dorsal cord neurons and the remainder are only innervated by motor neurons in the ventral or dorsal cords [1] . Given the anatomy of the tip of the head, it is reasonable to speculate that the EHMs are predominantly mediated by the eight muscles in the tip of the head (i.e. the first two in each strip) together with the motor neurons in the nerve ring that provide their innervation.
Somatotropic mapping of head muscles onto motor neurons of the nerve ring
Nematodes are unusual in that muscles receive their innervation at the distal end of nerve-like processes that extend from muscle bellies and terminate on basal lamina that bounds adjacent neuropil containing the pre-synaptic terminals of motor neurons. Arms from the first four muscles in rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170367 each strip pass down posteriorly on the outside of the nerve ring and then turn and distribute themselves in a precise geometrical arrangement on the inside of the nerve ring, which reflects the circumferential position of the muscle bellies around the body axis (figure 2). Each muscle strip maps onto an octant on the inside of the nerve ring. Closely associated with each octant and situated between the muscle arms and the pharynx (which runs through the centre of the nerve ring) are the sheet-like processes of six glial cells (GLR). The two lateral sheets (GLRL and GLRR) are each associated with two adjacent muscle octants, whereas the other four GLR sheets (GLRDR, GLRDL, GLRVL and GLRVR) are associated with single octants. The GLRs have gap junctions with muscle arms and one neuron class (RME). They appear to act as a barrier between the pseudocelomic space and the ectoderm, and their arrangement suggests that they might act as guidance cues for growing muscle arms [1] . Neuromuscular junctions (NMJs) from several classes of motor neuron are arranged in remarkably well-organized and stereotyped groups in each octant (figure 3). Indeed, it is usually possible to deduce motor neuron class identities from this pattern of NMJs without recourse to extensive serial section reconstructions. Muscles in the two adjacent lateral quadrants on both left and right sides have common innervation from bilaterally symmetrical motor neurons. However, muscle arms in each of the other four octants have innervation from octant-specific motor neurons with four-way symmetry (with the exception of RME, which makes NMJs that span two adjacent quadrants).
Reciprocal connections between motor neurons of the same class
Certain classes of motor neuron in C. elegans have members that have NMJs on one side of the animal and receive at least some of their synaptic input at NMJs made by other motor neurons situated on diametrically opposite regions of the animal. The best characterized of these is perhaps the VD and DD neurons of the ventral cord [1] . Processes from DD neurons 'dip into' NMJs made by other classes of motor neuron (figure 4) on the ventral side and make NMJs on the opposite (i.e. dorsal) side. The reciprocal VD class dips into NMJs on the dorsal side and make NMJs on the ventral side. These neurons use GABA as a neurotransmitter and appear to act as cross-inhibitors [11] . One class of motor neuron in the nerve ring, RME, also uses GABA as a neurotransmitter. Of the four RME class members, only RMEV and RMED have a cross-inhibitor organization with dendrites that dip into NMJs of SMBs in the region of the dorso/ventral midline and make NMJs on the diametrically opposite side (figure 3). Two other classes of motor neuron in the nerve ring have dipping dendrites that are diametrically opposed the regions rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170367 where they make NMJs: RMD and SMD (figure 3). However, unlike other putative cross-inhibitors such as the VD/DD neurons, SMD and RMD are both cholinergic [8] . This is surprising as muscles in C. elegans express cholinergic receptors that are excitatory [24] . It would seem therefore that the resulting positive feedback between cross-coupled pair of excitatory neurons would cause them to turn each other on and remain locked in that state. However, putative inhibitory cholinergic receptors have been found in the genome [25] . If these are found to be active in RMD and SMD dendrites, then the cross-coupled wiring could act to make diametrically opposed motor neurons of the same class work in antiphase. An alternative possibility is that there is a significant time delay between the reception of a signal by a dipper and its manifestation as a depolarization at the motor endplate. In this situation, the positive feedback would give rise to an oscillation. rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170367
The two RIP neurons make the only direct connections from the central nervous system to the pharyngeal nervous system [1] . Processes of RIP dip into NMJs made by the putative sensory receptors IL1 and URA (figure 10). RIP is involved in inhibiting pharyngeal pumping when the tip of the head is stimulated by light touch [26] . Also, mechanical stimulation inhibits pumping [17] , possibly this could be mediated by activation of RIP by synapses from putative sensory receptors IL1 and/or URA (figures 3 and 10).
Global inhibition of exploratory head movements
The precise linear ordering of motor neurons in the endplate region of the nerve ring is interrupted in four places around the nerve ring where muscle arms penetrate into the interior of the neuropil where they receive prominent synapses from RIML/R ( figure 3 [1] ). The RIM neurons use tyramine as a neurotransmitter and have been shown to be required for the inhibition of EHMs when worms make long backward excursions [27] . RIM therefore acts as a switch to disable EHMs when worms move in reverse, rather than having a role in generating EHMs. This is consistent with the somatotropic mapping where each RIM synapses onto muscles in all the four octants on one side (figure 3).
Neurons with processes that run in the sublateral cords
Several classes of neuron, including the ring motor neurons SMD and SMB, have processes that project from the nerve ring into four sublateral cords (figure 5). Five processes (including those from SMD and SMB) run posteriorly in each of the sublateral cords in the body and two processes run anteriorly in each of the sublateral cords in the head ( figure 5) . One of the two processes in each of the anterior sublaterals (SAB)
has been shown to have NMJs [28] and NMJs have been seen on all processes in the posterior sublaterals (Hall & Duerr 2018, personal communication). It is likely that these NMJs (which were not described in [1] ) play a significant role in defining the choreography of C. elegans movements, but at the time of writing, it is not clear what this may be. Given their sublateral localization and suggestions from the SMB and SMD circuitry that diametrically opposite sublateral pairs might exhibit reciprocal inhibition and therefore operate in antiphase (see below), it could be that sublateral NMJs give rise to body bends that are not in the lateral plane. Such bending might be the basis for the longitudinal flipping seen in animals when they are moulting [29] . A and B class motor neurons in the ventral cord have long, apparently undifferentiated processes distal to the regions containing NMJs. There is evidence that these processes function as stretch receptors in B class motor neurons [30] transducing downstream stretch into upstream synaptic activation, thereby mediating the propagation of waves of contraction that drive locomotion. Possibly, the long processes running in the sublateral cords could also transduce stretch, conveying information about body posture to neurons in the central nervous system.
Circuits most likely to be involved in generating exploratory head movements
Movements of the snout mostly consist of alternating dorso/ ventral excursions interspersed with occasional lateral excursions when worms lift the tip of their heads off the substrate [18] . The excursion reversal interval is around 0.5 s, although this appears highly variable, as does the amplitude of each excursion [18] . Perusal of the motor endplate region (figure 3) suggests that motor neurons in the two dorsal octants together with those in the two ventral octants may be primarily responsible for generating the predominantly dorso/ventral that are observed. Each of these four octants rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170367 has a virtually identical arrangement of motor end plates. By contrast, the two merged lateral octant end plate regions on each side have significant differences from the dorso/ ventral octants: there are three additional classes of bilaterally symmetrical neurons (RMG, RMF and RMH), but no SMD or SMB neurons, which are four-way symmetrical. Other hints that the lateral endplate regions may have functions other than generating the predominantly dorso/ventral movements of EHMs comes from the observation that ablation of the dorsal and ventral RMEs increases the amplitude of EHMs, whereas ablation of the lateral RME neurons does not [31] . These observations suggest that it might be valid to simplify the study of circuitry that generates EHMs by focusing on the motor neurons in the two ventral and two dorsal octants and ignoring the four lateral octants. By its very nature, circuitry derived from reconstructions of serial sections does not reveal any long-distance humeral interactions that may occur between neurons [32] . However, as EHMs are fairly rapid, it is likely that the underlying circuitry generating these movements acts by fast focal synapses rather than slower communication mediated by diffusion of neurotransmitters or neuropeptides over long distances, thereby providing a further simplification in the analysis of such circuitry. It is striking that two classes of putative sensory/motor neuron use different neurotransmitter: URA-acetylcholine; IL1-glutamate (figure 3). Perhaps transmitter-specific humeral signals could be used to independently regulate specific groups of neurons.
In an effort to make the circuitry associated with motor neurons that innervate muscles in the snout more accessible, I have abstracted circuits of several groups of interacting neurons from [1] and depicted them as a series of cartoons that illustrate the muscle octants that they innervate.
(a) SMB and RME circuits
The NMJs made by each of the four cholinergic SMB neurons [8] are intercepted by dendrites from GABAergic RMED/V neurons [11] . A single RME neuron spans two adjacent octants, so synaptic input from the two dorsal SMBs is coupled to the ventral RME and similarly synaptic input from the two ventral SMBs is coupled to the dorsal RME forming a putative dorso/ventral cross-inhibitory circuit. SMBs do not have process that intercept NMJs from other SMBs on diametrically opposite sides, so there are no direct connections between the SMBs. However, there are indirect connections via SAA neurons (figure 6). Each of the four SMBs synapse onto one of the four SAA neurons. These in turn connect via gap junctions to the diametrically opposite SMB, forming two simple cross-coupled circuits. SMB has sublateral processes that run posteriorly whereas those of SAA run anteriorly. No pre-synaptic specializations have been seen on the sublateral SAA processes [28] , suggesting that they could be acting as stretch receptors possibly modulating the degree of coupling between diametrically opposed SMBs. Experiments in which RME and SMB neurons have Figure 6 . SMB motor neurons are indirectly coupled to their diametrically opposite symmetrical partners via synapses to SAA and gap junctions between SAA and the opposite SMB. SMB NMJs also synapse onto RME dipper dendrites (asterisks).
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170367 been inactivated result in exaggerated EHMs [15] , suggesting this circuit may not be involved in generating alternating of head bends but rather in modulating their amplitude.
(b) SMD and RME circuits SMD is a class of four cholinergic motor neurons that, like SMB, have posteriorly directed sublateral processes and dendrites that intercept RME NMJs; but unlike SMBs, also have dendrites that intercept NMJs made by the diametrically opposite SMD partner (figure 7). Thus, SMDs exhibit what appear to be intra-class cross-inhibitory connections. This seems strange as acetylcholine (Ach) is generally an excitatory neurotransmitter and C. elegans body muscles have been shown to express classic nicotinic Ach receptors [5] . However, putative Ach-gated chloride (i.e. inhibitory) channel genes have been identified in the genome [25] , so it is possible that such receptors are localized in the dipper processes, thereby enabling cross-inhibition between diametrically opposite class members. Each SMD neuron receives synaptic input from a putative receptor neuron URY. Possibly, these respond to localized touch or mechanical distortion in the labium in which they reside.
(c) RMD circuits
RMD is a class of six cholinergic motor neurons arranged in a four-plus-two symmetry (the two lateral members are not shown) (figure 8). Although not possessing sublateral processes, RMD has some similarities to SMD in that class members have dendrites that intercept NMJs made by RMDs in the diametrically opposite octant. These dendrites also intercept adjacent NMJs from the IL1 mechanoreceptors ( figure 9 ). Of the motor neurons that innervate muscles in the snout, the RMD class has the most sensory input. Like SMD, it receives synaptic input from the putative receptors URY, but in addition also receives synaptic input from the mechanoreceptors OLQ and CEP. OLQ (along with IL1) has been shown to have a role in the touch-mediated head withdrawal reflex and EHMs [12, 33] . The receptors OLQ and CEP synapse onto the single octopaminergic neuron RIC, which may respond to mechanical stimulus in the head by secreting octopamine thereby eliciting an arousal response that counters the mood of contentment elicited by serotonin secretion [34] . The synaptic input to RMD from OLQ is predominately made at dyadic synapses that have SIB as the co-recipient. SIB is a set of four neurons that are exclusively post-synaptic in the nerve ring and have processes that project down the four sublateral cords where they may make NMJs along the length of the body. The posterior sublateral cords of SMB, SMD, RMD and SIB may provide a mechanism for coupling head movements with body movements during forward locomotion.
(d) URA and IL2
There are four URA motor neurons, one in each of the two ventral and two dorsal octants. Like URY, they send dendritic projections into the tip of the labia [4, 23] and so these classes seem likely to be sensory receptors. RIP is a class of two neurons that form the only direct connection between the central nervous system and the pharyngeal nervous system [2] . Dendrites of RIP dip into the NMJs made by URA ( figure 10 ). IL2 is a class of six receptors (4-plus-2) with endings exposed to the outside environment, suggesting that they act as chemo-receptors. Their processes become elaborated in the dauer larval stage [35] . They have been shown to be required for nictation, a behaviour that facilitates dispersion when food is scarce [36] . The four non-lateral IL2s synapse onto RIP and also onto URA. Possibly, these neurons act to briefly inhibit pharyngeal pumping and withdraw the head when the tip of the head encounters a noxious mechanical or chemical stimulus.
(e) Speculation on the neural basis of exploratory head movements
The electrophysiology of RMD neurons has recently been explored. Although these neurons do not have action potentials, they do exhibit regenerative post-synaptic potentials that cause them to act as bistable 'Schmitt triggers' [37] . RMDs are the main integrators of the labia-specific sensory receptors as they receive direct synapses from URY, IL1, OLQ and CEP. These may well be all mechanoreceptors albeit with different characteristics. Signals from these receptors will be summed post-synaptically by RMDs to produce a complex time-varying signal. The regenerative bistable nature of RMDs would respond to this signal by switching from one state to the other whenever a threshold has been crossed. Therefore, the RMDs in isolation would produce sequences of full amplitude activations of the muscles in the labia with diametrically opposite muscles receiving antiphase stimulation because of the cross-inhibitory RMD connections. The SMB and RME neurones may act to moderate these full amplitude excursions possibly on the basis of snout posture feedback from SAA and also from the reciprocal inhibitors RME. The single DVA neuron, which runs the length of the ventral cord and synapses to all the SMBs, has been shown to act as a stretch receptor [38] and so could also be involved in regulating EMH movements based on body posture. Experiments where RME and/or SMB are inactivated have been shown to result in exaggerated head excursions [11, 15] , suggesting that the SMB/RME system functions as a 'gain control' to moderate the extent of the chaotic head excursions produced by RMD.
SMD has similarities to RMD neurons in that they both make prominent reciprocal synapses with the major ring interneuron RIA [1] . It seems likely that the activities of RMD and SMD may be modulated by these connections, which are involved in integrating signals from amphids and other sensory neurons, thereby producing the head bends used for steerage when moving towards or away from stimuli [15, 39] . Possibly synapses to body muscles from the sublateral processes of SMD have a role in steering the body during locomotion. RMDs are cross-coupled to their diametrically opposite partners. The IL1 mechanoreceptors also synapse onto the RMD dendrites (asterisks). URY receptors synapse directly onto RMDs. Figure 10 . The putative receptors, URA make NMJs that are intercepted by the dendrites of RIP (asterisks). RIP connects the central nervous system to the pharynx. IL2 are probably chemo-receptors.
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Conclusion
My purpose in writing this review is to suggest that the beginning of an understanding of the neural mechanisms driving the exploratory movements of the head of C. elegans is potentially attainable. These movements are central to how animals explore their microenvironment and make movements based on what they find. The circuits of the motor and receptor neurons for four of the six labia are very similar and can tentatively be split into functional units. However, far fewer observations have been made of head movements than have been made on studies of the body movements associated with locomotion and taxis. Observing movements of unrestrained C. elegans moving in a three-dimensional is challenging: fairly high-resolution optics are needed to resolve the labia but such systems have a narrow depth of focus. However, many of the current generation of consumer cameras incorporate fast focustracking technology, which could, in principle, also be used to track movements in the Z-axis. Incorporating a small bolus of food into the matrix should keep animals localized while feeding. Small magnetic beads could be incorporated into the three-dimensional matrix that could be moved using a switchable magnetic field gradient to provide localized mechanical stimuli to a specific labium. Such a system could be used to determine whether the head moves away from a localized stimulus or pushes towards it, which may indicate whether the NMJs made by IL1s are functionally excitatory or inhibitory, for example. Observations of wildtype behaviour could be compared to mutant animals; or animals in which specific classes of neuron have been genetically ablated [40] ; or had their activity modulated by optogenetics techniques [13] . If the optic system used has a sufficient numerical aperture, it may be possible to observe the activity of several neurons simultaneously using calcium indicators [41] .
Data obtained from such observations can be combined with knowledge of the pattern of connectivity and the identity of transmitters and receptors at synaptic connections to generate realistic computer models that attempt to simulate all the observed behaviour. If this goal is reached, perhaps it will be possible to claim that we understand how a simple organism explores its environment.
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